Human adenoviruses (Ads) are very common pathogens and comprise at least 51 different serotypes; together, these form six different species, A to F. Ads are associated with a wide variety of clinical symptoms in humans, such as upper respiratory illness, acute respiratory disease, gastroenteritis, hemorrhagic cystitis, and even keratoconjunctivitis (1, 8, 39, 40) . These infections can result in severe disease, although an Ad infection is most commonly self-limited in otherwise healthy individuals. The problem is much more pronounced in immunocompromised individuals. This group is steadily growing as a result of increasing numbers of AIDS patients and patients undergoing immunosuppressive therapy for solid organ or hematopoietic stem cell transplantation and also because of the increased survival times of these patients. Immunocompromised individuals are at high risk of developing disseminated disease and multiple organ failure, and an Ad infection can become a serious life-threatening disease (16, 20, 21) . In immunocompromised children, Ads are an important cause of disease, and case fatality rates of above 50% have been reported (16) . In pediatric bone marrow transplant (BMT) recipients the incidence of Ad infection is substantially higher than in adult BMT recipients (4) .
A number of different Ads have been isolated from immunocompromised patients, most frequently from species A, B, or C (16, 22, 29) . Species B serotypes are predominantly associated with renal syndromes, and species C serotypes are usually associated with hepatitis. In recent years, infections with Ad serotype 31 (species A) have been increasingly reported, and they often occur in patients with infections involving multiple Ad serotypes, occasionally with a lethal outcome (16, 23, 26) .
There are no approved specific antiviral compounds for treatment of Ad infections available today. Drugs that have been used in clinical settings or in animal models, such as ribavirin, cidofovir, and ganciclovir, have yielded varied results; both successes and failures have been reported. Cidofovir appears to be the most promising antiadenoviral agent of those currently used (5, 12, 17, 32, 33) .
Screening of large compound collections with purified protein or whole-cell-based assays, i.e., high-throughput screening, is a common method to identify biologically active compounds. Cell-based approaches are commonly more labor-intensive but have the benefit of a wider screening without the limitation of having a preconceived idea of the mechanism of action. We have developed a unique whole-cell reporter gene assay based on a green fluorescent protein (GFP)-expressing replicationcompetent Ad vector (35) . The assay can identify compounds that directly or indirectly affect adenoviral protein expression. This assay was used to screen approximately 9,800 compounds, resulting in a number of compounds that have an inhibitory effect on Ads without killing the host cells. The inhibitory effect was ascertained at four different stages of the viral replication cycle. Here, we describe the screening method and report on a on April 25, 2014 by UMEA UNIVERSITY LIBRARY http://aac.asm.org/ novel inhibitor of Ad replication that is effective on Ad types representing the six species of human Ads.
MATERIALS AND METHODS
Viruses and vector. The RCAd11pGFP vector used in the present study is a replication-competent Ad11 strain carrying a cytomegalovirus-GFP-simian virus 40 insertion in the E1 region of the Ad11p genome (35) . The Ads used here were Ad5 (strain F2853-5b), Ad11p (p ϭ prototype, strain Slobitski), Ad4 (strain RI-67), Ad31 (strain 1315/63), Ad37 (strain 1477), and Ad41 (strain Tak). The viruses were propagated in A549 cells and purified on a discontinuous CsCl gradient as described previously (27) . The virion band was collected and density was measured on a refractometer. Virions were desalted on a NAP-10 column (GE Healthcare, Buckinghamshire, United Kingdom) and eluted with 1.5 ml of 10 mM phosphate-buffered saline (PBS). The virion concentration was determined by spectrophotometry; 1 optical density unit (i.e., the optical density at 260 nm [OD 260 ] Ϫ OD 330 ) corresponds to 280 g of virions or 10 12 virus particles/ml. The identity of the adenovirus types was assessed according to their DNA restriction patterns (1) .
Cell lines. A549 cells (oat cell carcinoma from the human lung; alveolar basal epithelial cells) were grown in Dulbecco modified Eagle medium (DMEM; Sigma-Aldrich, St. Louis, MO) containing 0.75 g of NaHCO 3 /liter, 20 mM HEPES (EuroClone, Milan, Italy), penicillin G (100 IU/ml), and streptomycin sulfate (100 g/ml) combined (1ϫ PEST; Gibco, Carlsbad, CA), and 5% fetal bovine serum (FBS; Gibco) at 37°C. K562 is a nonadherent human erythroleukemia cell line. FSU (Foreskin Umeå) is a diploid fibroblast cell line. K562, and FSU cells were cultured in RPMI 1640 (Sigma-Aldrich) supplemented with 0.75 g of NaHCO 3 /liter, 20 mM HEPES (EuroClone), 1ϫ PEST (Gibco), and 5% FBS (Gibco) at 37°C.
Compounds. The compound collection screened was purchased from Chem-Bridge (San Diego, CA) and consisted of 9,800 low-molecular-weight organic compounds. The compounds were dissolved in dimethyl sulfoxide (DMSO) in 5 mM stock solutions and stored in 96-well plates sealed with heat-sealing films at room temperature in the dark in a controlled dry atmosphere. Compounds were analyzed by combined liquid chromatography-mass spectrometry (LC-MS) using a Waters HPLC system equipped with an XTerra MS C 18 5-m, 4.6-mm-by-50-mm column, and an H 2 O-acetonitrile-formic acid eluent system using UV analysis was carried out at 212 nm and mass spectra were recorded by detecting negative (ES Ϫ ) molecular ions with an electrospray Waters Micromass ZG 2000 instrument. The same LC-MS system was also used for purification with a preparative XTerra Prep MS C 18 5-m, 19-mm-by-50-mm column and an H 2 Oacetonitrile eluent system. 1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded in DMSO-d 6 (with residual DMSO-d 5 [␦ H ϭ 2.50 ppm] and DMSO-d 6 [␦ C ϭ 39.51 ppm] as internal standards) by using a Bruker DRX-400 spectrometer. The data for compound A01 data were in agreement with those published previously (25) .
The analytical data for compound A02 were as follows: for 1 Screening for inhibition of viral replication and toxicity. The screening was performed at the Umeå Small Molecule Screening Facility currently incorporated at the screening platform in Laboratories for Chemical Biology Umeå. A total of 50 l of RPMI without phenol red (Sigma-Aldrich) supplemented with 0.75 g of NaHCO 3 /liter, 20 mM HEPES (EuroClone), 1ϫ PEST (Gibco), and 5% FBS (Gibco) was added to each well in a 96-well plate (Multidrop; Thermo Scientific, Waltham, MA). K562 cells (50,000) suspended in 25 l of RPMI without phenol red, supplemented exactly as described above, were added to the well. RCAd11pGFP vector was added at a concentration of 1 pg per cell in a volume of 25 l. Then, 1 l of compound stock solution (5 mM in DMSO) was added with a Robbins Hydra 96 to the wells of the screening plate to give a final compound concentration of 50 M. Six negative-control wells containing 50,000 K562 cells in 100 l of RPMI without phenol red and with 0.75 g of NaHCO 3 / liter, 20 mM HEPES, 1ϫ PEST, 5% FBS, and 1 l of DMSO were included on each plate. In addition, six positive-control wells containing 50,000 K562 cells in 75 l of RPMI without phenol red and with 0.75 g of NaHCO 3 /liter, 20 mM HEPES, 1ϫ PEST, 5% FBS, and 1 l of DMSO, plus 1 pg of RCAd11pGFP vector/cell in a volume of 25 l, were included. The plates were incubated at 37°C in an atmosphere of 5% CO 2 for 24 h. GFP expression was assessed as the fluorescence intensity at 485 nm (Wallac 1420 multilabel counter, Perkin-Elmer). After the measurement of fluorescence was completed, the cellular toxicity of the compounds screened was assessed by using an MTT-based in vitro toxicology assay kit (Sigma-Aldrich). This method is based on the principle of conversion by mitochondrial dehydrogenase of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) to an insoluble, colored formazan derivative that is then solubilized in acidic isopropanol (6, 9, 31) . A total of 10 l of reconstituted MTT was added per well, and the plate was incubated at 37°C in 5% CO 2 for 2 h. The resulting formazan crystals were dissolved by adding 100 l of MTT solubilization solution (isopropanol, HCl, and Triton X-100) and shaking the plate for 3 min. The intensity of the dye was measured by absorbance at 570 nm (Wallac 1420 multilabel counter; Perkin-Elmer).
Autofluorescence. Compounds were tested for autofluorescence by measuring the fluorescence emitted from cells and compound when no RCAd11pGFP vector was present. Autofluorescent compounds were not considered for further analysis.
Dose-response analysis. Compounds that met the selection criteria of at least 80% reduction in fluorescence and less than 50% dead cells were further analyzed in a dose-response manner to confirm the hit. The 5 mM compound stocks in DMSO were serially diluted 1:1 in RPMI (Sigma-Aldrich) in 6 steps from 25 M to 0.78 M, and assayed in triplicate as previously described for the screening procedure. Toxicity was also assayed in triplicate samples, as described below. The final concentration of DMSO in all assays was Ͻ1%.
Postscreening toxicity tests. (i) XTT. The toxic effect of the compounds on cells was evaluated with an XTT-based in vitro toxicology assay kit (Sigma-Aldrich). This method is based on the principle of conversion by mitochondrial dehydrogenase of 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5carboxanilide (XTT) to a water-soluble formazan derivative. Approximately 50,000 A549 cells were seeded in 96-well plates (Nunc, Roskilde, Denmark) on the day before addition of compounds. The next day, the growth medium was removed, and compound was added to the cells in 100 l of DMEM (Sigma-Aldrich) with 0.75 g of NaHCO 3 /liter, 20 mM HEPES, 1ϫ PEST, and 1% FBS. Then, 20 l of XTT was added per well, and the plate was incubated at 37°C in 5% CO 2 for 2 h. The intensity of the formazan dye was measured spectrophotometrically at a wavelength of 450 nm (34, 36, 41) .
(ii) Propidium iodide. Toxicity of the compounds was also assessed by fluorescence-activated cell sorting (FACS) analysis of propidium iodide intercalation of DNA in dead cells. Approximately 200,000 A549 cells were seeded in 12-well plates (Nunc) the day before the addition of compounds. The next day, the growth medium was removed, and compound was added to the cells in DMEM with 0.75 g of NaHCO 3 /liter, 20 mM HEPES, 1ϫ PEST, and 1% FBS. For the experiments with K562 cells, 200,000 cells in RPMI 1640 with 0.75 g of NaHCO 3 / liter, 20 mM HEPES, 1ϫ PEST, and 5% FBS were added to 12-well plates just before addition of the compounds. Compounds were added in 5 and 15 M concentrations. The final concentration of DMSO was Ͻ1% in all samples. The plate was incubated at 37°C in 5% CO 2 for 24 h. The cells were harvested, washed, and resuspended in PBS; then, 1 g of propidium iodide was added to each sample. The cells were analyzed in a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ) using CellQuest software.
FACScan flow cytometry. Approximately 2 ϫ 10 5 A549 cells were seeded in 12-well plates (Nunc) the day before infection. On the day of infection, the cells in one well were counted to establish the amount of virions to be added. The growth medium was removed, and compound and virus were added simultaneously to the cells in 700 l of DMEM with 0.75 g of NaHCO 3 /liter, 20 mM HEPES, 1ϫ PEST, and 1% FBS. For the experiments with K562 cells, 200,000 cells in RPMI 1640 with 0.75 g of NaHCO 3 /liter, 20 mM HEPES, 1ϫ PEST, and 5% FBS were added to 12-well plates just before infection. Compounds were added in 5 and 15 M concentrations. The final concentration of DMSO was Ͻ1% in all samples. Due to differences in the efficiency of infection, 1 pg of Ad5 or 0.5 pg of Ad11p virions was added per cell. The plate was incubated at 37°C in 5% CO 2 for 24 h. The cells were harvested, washed in PBS, and fixed in 2% paraformaldehyde for 30 min at room temperature. They were then washed in PBS and incubated in PBS containing 2% bovine serum albumin (BSA) and 0.1% saponin (PBS-BSA) for 30 min at room temperature. Thereafter, the cells were incubated for 1 h at room temperature with a mouse monoclonal antibody directed against the Ad hexon protein (MAb 8052; Chemicon International, Millipore, Billerica, MA) diluted 1:200 (5 g/ml) in PBS-BSA. After one wash in PBS-BSA, the cells were incubated for 1 h at room temperature with an Alexa Fluor 488-conjugated F(abЈ) 2 fragment of goat anti-mouse IgG (Invitrogen, Carlsbad, CA) diluted 1:500 (4 g/ml) in PBS-BSA. The cells were then washed in PBS-BSA and analyzed in a FACScan flow cytometer (Becton Dickinson) using CellQuest software.
Quantitative real-time PCR. Approximately 10 5 A549 cells were seeded in 24-well plates (Nunc) on the day before infection. On the day of infection, the cells in one well were counted to establish the amount of virions to be added. The growth medium was removed, and compound and virus were added simultaneously to the cells in 700 l of DMEM with 0.75 g/liter NaHCO 3 , 20 mM HEPES, 1ϫ PEST, and 1% FBS. Compounds were added in concentrations ranging from 0.5 to 15 M. The final concentration of DMSO was Ͻ1% in all samples. A 1-pg portion of Ad virions was added per cell. The plate was incubated at 37°C in 5% CO 2 and, 24 h after infection the cells were harvested, washed once and resuspended in PBS. DNA was prepared from the samples by using a QIAamp DNA blood minikit (Qiagen, Solna, Sweden) according to the manufacturer's instructions. The principle of quantitative real-time PCR has been described previously (14) , as has the design of primers and probes for analysis of various Ad types representing different adenovirus species with quantitative PCR (QPCR) (2, 15) . Briefly, quantitative real-time PCR was carried out using a degenerate primer pair, Kadgen1 (forward)-Kadgen2 (reverse) (5Ј-CWT ACA TGC ACA TCK CSG G-3Ј and 5Ј-CRC GGG CRA AYT GCA CCA G-3Ј, respectively; DNA Technology A/S, Aarhus, Denmark). This primer pair is specific for the conserved region of the Ad hexon gene and can detect all human Ads. Different FAM-TAMRA probes were used to quantitate Ads from different species: AdB1B2 (5Ј-6-FAM-AGG ATG CTT CGG AGT ACC TGA GTC CGG-TAMRA-3Ј) for Ad11p (15) and AdC (5Ј-6-FAM-AGG ACG CCT CGG AGT ACC TGA GCC CCG-TAMRA-3Ј) for Ad5 (all from Applied Biosystems, Cheshire, United Kingdom). For Ads from species A, D, E, and F, the probe AdDF (5Ј-6-FAM-CCG GGC TCA GGT ACT CCG AGG CGT CCT-3Ј) was used (Applied Biosystems). Standard curves ranging from 5 to 5 ϫ 10 5 genome copies were generated by serial dilution of known amounts of full-length Ad5 or Ad11 DNA. The Ad5 DNA standard was used for the AdDF probe system. The amplification was performed in a 25-l reaction mixture containing the following: 10 l of Ad5 standard DNA or Ad11 standard DNA or 10 l of DNA from samples, 2. The program for the real-time PCR was as follows: 2 min at 50°C to activate UNG, followed by amplification and quantitation (10 min at 95°C and 40 cycles of 15 s at 95°C and 1 min at 60°C). The efficiency of the real-time PCR assay was the same for both probe systems used (data not shown). To standardize the number of adenoviral genome copies per cell, real-time PCR analysis was performed on the same samples using the cellular RNase P as a reference gene. The TaqMan RNase P detection reagents kit (20ϫ mix containing primers and a FAM/ TAMRA probe) (Applied Biosystems, Foster City, CA) was used for the analysis. The PCR mixture was otherwise the same as with Ad primers and probes. Real-time PCR was performed in an ABI Prism 7700 sequence detector (Applied Biosystems) and analyzed with sequence detector v1.7a software.
Binding experiments. A549 cells were washed twice and detached from the culture flask with 0.05% EDTA in PBS, resuspended in culture medium, and allowed to recover for 1 h at 37°C. The cell suspension was centrifuged at room temperature at 450 ϫ g for 5 min and resuspended in PBS containing 1% FBS and 0.01% NaN 3 (PBS-FBS-NaN 3 ); 200,000 cells per well were dispensed in a 96-well microtiter plate (Nunc). The plate was placed on ice, and the compound was added to final concentrations of 5 and 15 M. The final concentration of DMSO was Ͻ1% in all samples. Portions (5 pg) of 35 S-labeled Ad5 or Ad11p virions (with labeling done as described previously by Segerman et al. [37] ) were added per cell, and the plate was incubated on ice on a rocking platform for 1 h. After incubation, the cells were washed three times with PBS-FBS-NaN 3 , pelleted by centrifugation at 800 g for 5 min at 4°C and resuspended in 100 l of PBS. The suspension was transferred to scintillation tubes containing 2 ml of scintillation liquid (Wallac OptiPhase HiSafe 3; Perkin-Elmer), and the cellassociated radioactivity was measured as counts per minute by using a liquid scintillation counter (Wallac 1409).
Statistical analysis. Statistical analyses (t tests) were performed with Graph-Pad Prism software version 4.03 (GraphPad Software, San Diego, CA).
RESULTS

Screening.
As mentioned above, our screening assay is based on GFP expression from the RCAd11pGFP vector in a K562 cell system. The 9,800 compounds were screened for their ability to inhibit emitted fluorescence and hence expression of the adenoviral genome. To be considered as a potential hit, the compound had to decrease the intensity of fluorescence by more than 80% and kill no more than 50% of the cells. The primary hits of the screening procedure were 408 distinct compounds that showed properties of inhibition of RCAd11pGFP expression in K562 cells, representing a hit rate of ca. 4%. None of the compounds selected for further study were autofluorescent.
Validation of hits. To verify the hits and to exclude false positives, the compounds were serially diluted in seven steps for dose-response analysis using a screening assay. Twentyfour compounds that had the highest level of inhibition without parallel cytotoxicity were selected. The fluorescence inhibition and cellular toxicity detected in the screening process of these 24 hits are summarized in Table 1 . One of the most efficient and least toxic compounds is A02, 2-{[2-(benzoylamino)benzoyl]amino}-benzoic acid. This compound was evaluated further as a potential drug candidate. Serial dilution of compound A02 in the screening setup with RCAd11pGFP in K562 cells showed a clear dose response, with a 50% effective concentration (EC 50 ) of 28.6 M (Fig. 1a) . A similar inhibition profile was obtained when A02 was evaluated by FACS analysis of RCAd11pGFP in A549 cells (Fig. 1b) . In the process of verifying the identity of the inhibitory compounds, combined analysis by LC-MS of the purchased compounds was performed. It turned out that the A02 solution contained three different molecules. The three components were separated by LC, and their structures (Fig. 2) were confirmed by MS and NMR spectroscopy. For compound A01, the data were in agreement with those published (25) . The effect of the three molecules on the replication of Ad5 in A549 cells was assessed in a QPCR assay. A significant inhibitory effect on Ad5 replication could only be observed for the original compound, A02. Neither the smaller (A01) nor the larger (A03) molecule showed any antiadenoviral effect (Fig. 3) . Experimental data presented in all figures were obtained with pure compounds.
Inhibition of wild-type Ad5 and Ad11p. The antiviral potency of compound A02 in the A549 cell system was assessed by measuring the effect on newly synthesized viral genomes of Ad5 and Ad11p by the QPCR assay. Titration resulted in comparable EC 50 s of 3.7 and 2.9 M for Ad5 and Ad11p, respectively ( Fig. 4) . Detection of inhibition of DNA replication by QPCR for wild-type Ad5 and Ad11p is substantially more efficient than detection of inhibition of GFP expression from the viral vector in K562 and A549 (compare Fig. 1a, 1b , and 4). A binding assay using isotope-labeled virions was used to address whether the compound would prevent viral adhesion to host cells. At 15 M, compound A02 has no effect on Ad5 or Ad11p binding to the surface of A549 cells (Fig. 5a ). To further verify inhibition of viral replication, the effect on the expression of the most abundant viral structural protein (hexon) in A549 cells was studied by FACS analysis. The results showed that expression of Ad5 and Ad11p hexon protein is inhibited by compound A02 in a dose-dependent manner (Fig. 5b) .
Toxicity. Toxicity of A02 in the A549 cell system was also analyzed by titration and XTT detection, giving a 50% cytotoxic concentration (CC 50 ) of 199 M (Fig. 4 ). This can then be combined to give selectivity index values (SI ϭ CC 50 /EC 50 ) of 54 and 68 for Ad5 and Ad11p, respectively. The toxicity in cell systems, including K562, A549, and the fibroblast cell line FSU, was also evaluated with propidium iodide using FACS. The toxicity of A02 at 15 M is low, with Ͻ2% dead cells after 24 h of incubation with the compound in all three cell lines tested by exposure to propidium iodide, followed by FACS analysis (Fig. 5c) .
Effect on different adenovirus species. With the clear-cut effect of A02 on both Ad5 (species C) and Ad11p (species B) verified at several levels of the infection cycle, we performed an analysis to ascertain whether A02 could also affect Ads of other species (4) . The results are summarized in Table 2 . DNA Ad5 was allowed to infect A549 cells with or without compound. After 24 h of incubation DNA was prepared from cells and virus and analyzed by QPCR. As an internal control, the cellular gene RNase P was included in the assay. All values are normalized to RNase P. Error bars represent the standard deviation of the means from three independent experiments run in duplicates. The statistical significance was determined by unpaired t test, and a P value of Ͻ 0.05 was considered significant. Statistical analyses were performed by using GraphPad Prism.
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on April 25, 2014 by UMEA UNIVERSITY LIBRARY http://aac.asm.org/ replication of all Ads tested by the QPCR assay is inhibited by compound A02 in a dose-dependent way. A02 appears to have a general effect on Ads from all species. The antiviral drugs ribavirin and cidofovir have previously been evaluated as antiadenoviral agents. The results for ribavirin are not conclusive (24, 30) , and we thus tested the effect of ribavirin on replication of the Ad5 and Ad11p genome. We found that ribavirin had no significant effect on Ad5 or Ad11p DNA replication (data not shown). Cidofovir is more established as an antiadenoviral drug (3, 10, 11, 13) . To verify the functionality of the QPCR assay the effect of cidofovir on Ad5 and Ad11p after 24 h was evaluated. It appears that A02 inhibits Ad5 and Ad11p DNA replication about five times more efficiently than cidofovir ( Table 2 ).
DISCUSSION
Adenovirus infections are a common cause of morbidity and mortality in immunocompromised individuals in general, and in pediatric patients in particular (4, 16, 18) . Established anti- FIG. 4 . Titration of the effect of A02 on Ad5, Ad11p, and the toxic effect in A549 cells after 24 h of incubation with virus and/or compound A02. The EC 50 s for Ad5 and Ad11p were 3.7 and 2.9 M, respectively. The CC 50 for compound A02 in A549 cells was 199 M. The EC 50 is the concentration at which the Ad replication is inhibited by 50% as determined by QPCR, and CC 50 is the concentration at which the cytotoxicity is 50%, i.e., 50% of the cells are viable, as determined by the XTT assay. Error bars represent the standard deviation of the means from three independent duplicate experiments. Of the approved drugs, cidofovir appears to be most effective against Ads (7, 24, 30, 33) . However, cidofovir is associated with nephrotoxicity and acute renal failure (19, 28, 42) . Most in vitro experiments of the antiadenoviral effect of cidofovir address the outcome of the drug after longer times than 24 h, which was the time point evaluated here (3, 13) . This could explain why we observed a slightly higher EC 50 than seen in other studies. The need for new antiadenoviral substances is clearly increasing due to the large number of immunocompromised patients undergoing transplantations and also patients suffering from AIDS or with genetic immunodeficiencies. Screening-based strategies are well suited for identification of compounds with potential antiadenoviral activity. Our unique assay is based on a replication-competent Ad11p vector. The GFP gene is located in the E1 region of the Ad11p genome, and detection of fluorescence by GFP expression is directly correlated to Ad11p genome expression. This assay, developed for antiadenoviral screening, is versatile due to its robustness, its simplicity, and the direct measurement of inhibition of Ad genome expression. K562 cells were used in the screening assay, since they are suspension cells that are permissive for Ad11p infection. Any hits found in a screening campaign must, however, be thoroughly verified since screening can be imprecise in many respects. We decided to concentrate the verification on Ad5 inhibition since other potential antiadenoviral drugs have been evaluated on the basis of their effects on species C adenovirus types (24, 38) . There is no replication-competent Ad5 vector available; thus, Ad5 could not be used for screening. K562 cells are not permissive for Ad5 infection, and the cell line of choice for verification was A549.
The discovery of more than one molecule in the most promising hit illustrates the necessity for quality control and thorough validation to verify that hits found in a screening campaign represent homogenous preparations of the correct molecule, with the desired biological activity. In this particular case, the finding provided an opportunity for a preliminary analysis of the structure-activity relationship. The antiadenoviral effect of A02 only, but not the analogs, has been verified in a number of assays. There appears to be a size restriction for the compound to exert its inhibitory effect. Since neither the smaller analog A01 nor the larger A03 analog had inhibitory effects, it is tempting to speculate that there may be a pocket in the target protein into which A02 fits, where A01 is too small to cover the required site and A03 is too bulky to fit.
Considering the fact that DNA replication of all Ad types tested was inhibited by A02, although not with the same efficiency, inhibition by this compound appears to be general for human Ads ( Table 2) . Inhibition of Ad31 is especially important, since this is one of the most threatening adenovirus types, which can infect immunocompromised individuals in general and pediatric transplant recipients in particular (16) . The sensitivity of the four assays used for characterization of A02 varied; the QPCR assay appears to be the most sensitive, followed by hexon FACS, Ad11pGFP FACS, and Ad11pGFP in the screening setup ( Fig. 1a and b, Fig. 4, and Fig. 5b ).
In conclusion, the screening assay presented here is a very simple and useful approach to discover novel compounds that inhibit Ad infection. Based on this assay, we have described and in various ways verified the inhibitory and toxic properties of compound A02, which appears to be a promising candidate for further development as a functional all-purpose antiadenoviral drug.
